Abstract We have recently shown that the abundance of the renal sodium (Na)/inorganic phosphate (Pi) cotransporter NaPi-IIa is increased in the absence of the GABA A receptor-associated protein (GABARAP). Accordingly, GABARAP-deficient mice have a reduced urinary excretion of Pi. However, their circulating levels of Pi do not differ from wild-type animals, suggesting the presence of a compensatory mechanism responsible for keeping serum Pi values constant. Here, we aimed first to identify the molecular basis of this compensation by analyzing the expression of Na/Pi cotransporters known to be expressed in the kidney and intestine. We found that, in the kidney, the upregulation of NaPi-IIa is not accompanied by changes on the expression of either NaPi-IIc or PiT2, the other cotransporters known to participate in renal Pi reabsorption.
Introduction
Homeostasis of inorganic phosphate (Pi) is an essential physiological function as manifested by syndromes that arise from hypo-or hyperphosphatemic states. Pi wasting is linked with rickets and osteomalacia, whereas hyperphosphatemia is associated with an increased risk of cardiovascular diseases. The maintenance of constant circulating levels of Pi depends on the coordinated activity of two major organs, the intestine and the kidney. In both tissues, the uptake of Pi across the apical membrane of the epithelia is, at least partially, mediated by members of the SLC34 family of sodium (Na)-coupled solute carriers: NaPi-IIa/ SLC34a1 and NaPi-IIc/SLC34a3 are expressed in the brush border membrane (BBM) of renal tubules, whereas NaPi-IIb/SLC34a2 is located in the intestinal microvilli (for review, see [7] ). The SLC20 family, in particular PiT2/ SLC20a2, also contributes to the renal handling of Pi [33] .
The intestine absorbs up to 70% of the ingested Pi. Although the relative contributions of transcellular and paracellular pathways to the overall absorptive process have long been under discussion, recent data show that NaPi-IIb is primarily involved in this process [26] . In mice, NaPi-IIb is expressed in the small intestine [12] , preferentially in the ileum [23] and its abundance in the BBM is regulated by dietary Pi and 1,25-dihydroxyvitamin D 3 (vitamin D 3 ; [10] ). The effect of vitamin D 3 involves transcriptional regulation in young animals [34] but seems to work posttranscriptionally in adult mice [10, 34] . Recently, two groups generated NaPi-IIb-deficient mice. Shibasaki et al. reported that full ablation of NaPi-IIb results in embryonic lethality [31] , whereas Sabbagh et al. described that an inducible conditional knockout is characterized by fecal Pi wasting, hypophosphaturia due to upregulation of NaPi-IIa, and normophosphatemia [26] . Apparently, in the absence of NaPi-IIb, Pi homeostasis is achieved through a compensatory increase in renal reabsorption resulting from overexpression of NaPi-IIa. Sabbagh et al. proposed that NaPi-IIb mediates up to 90% of the active reabsorption of Pi in the ileum [26] .
The kidney, and in particular the proximal tubule, is the major organ involved in Pi homeostasis. It does so by modulating the reabsorption of Pi accordingly to the body's needs, primarily via changes on the expression of NaPi-IIa. The phenotype of NaPi-IIa-deficient mice includes hyperphosphaturia, hypophosphatemia, and undeveloped trabecular bone [2] . The Na/Pi cotransport into renal BBM of homozygous mutant mice was reduced by about 70%, despite a heavy upregulation of NaPi-IIc [27] . In contrast, NaPi-IIc knockouts do not exhibit either hypophosphatemia or skeletal abnormalities [29] . Furthermore, the Na/Pi cotransport into renal BBM as well as the expression of NaPi-IIa remains unaffected in the absence of NaPi-IIc. Ablation of NaPi-IIa [32] and NaPi-IIc [29] results in hypercalcemia and hypercalciuria, probably due to a vitamin D 3 -induced upregulation of intestinal Ca ++ absorption. Together, these findings suggest a minor contribution of NaPi-IIc to the renal handling of Pi in the murine kidney that is probably restricted to young animals [27] . However, this concept has been recently challenged by the detection of NaPi-IIc mutations in patients with Pi wasting phenotypes [3, 13, 16] . In addition to NaPi-IIa and NaPi-IIc, PiT2 also contributes to renal Pi reabsorption. PiT2 is a member of the SLC20 family of solute carriers first identified as retroviral receptors (for review, see [5] ) that has a wide tissue distribution. Recent data show that PiT2 is expressed in the proximal BBM in rat kidneys and that its abundance is regulated by dietary Pi [33] . Exploiting the different sensitivities of SLC34 and SLC20 cotransporters to inhibition by phosphonophormic acid, this study suggests that the relative contribution of SLC34-independent cotransporters to overall Na/Pi uptake in rat kidney varies between 25% and 50%, depending on the dietary conditions.
As the major Pi storage site, bones also contribute to Pi homeostasis. Osteoblast and osteoblast-like cells express several members of the SLC34 and SLC20 families of Na/ Pi cotransporters [18, 35] , whereas osteoclasts are known to express NaPi-IIa and PiT1 [9] . As indicated above, NaPiIIa-deficient mice are hypophosphatemic, and in young animals, this associates with undeveloped trabecular bone [2, 9] . No skeletal abnormalities result upon ablation of NaPi-IIb [26] or NaPi-IIc [29] consistent with the normophosphatemic status of both animal models.
Unlike other transport systems whose activity can be modulated by molecular modifications, the activity of Na/Pi cotransporters seems to be mostly controlled by changes in their epithelial expression. Different hormones (parathyroid hormone, PTH), vitamins (vitamin D 3 ), and metabolic factors (dietary Pi or acidosis) regulate the apical abundance of SLC34 and/or SLC20 transporters (for review, see [7] ). The expression of membrane proteins is often controlled by interaction with partners that directly or indirectly connect them to the cytoskeleton. Such mechanism has been reported for NaPi-IIa: its C-terminal PDZ domain is engaged in interactions with, among other binding partners, the four members of the Na/H-exchanger regulatory factor (NHERF) family [8] . In particular, the interaction with NHERF1 appears to be required for stabilizing the cotransporter in the proximal BBM [11, 30] . In contrast, we reported recently that the expression of NaPi-IIa is substantially upregulated in renal BBM from GABA A receptor-associated protein (GABARAP)-deficient mice [24] . Although this increase is mirrored by a reduction in the urinary excretion of Pi, GABARAP-deficient mice are normophosphatemic. This suggests the existence of a compensatory mechanism/s that allows maintaining Pi homeostasis despite a higher renal retention of Pi. Therefore, the first goal of this paper was to investigate the nature of this compensatory mechanism. For that purpose, we compared the expression of known Na/Pi cotransporters in kidney and intestine as well as the overall mineral density and Pi/Ca ++ contents of bones in samples from wild-type and GABARAP-deficient mice. In addition, we examined whether the absence of GABARAP interferes with the regulation of NaPi-IIa by chronic dietary Pi.
Materials and methods

Animal handling
Animal experiments comply with the Swiss Animal Welfare law and were performed with the approval of the local veterinary authority (Kantonales Veterinäramt Zürich).
Experiments were done with male wild-type (WT) and GABARAP knockout (KO) mice [22] aged 12 to 14 weeks. GABARAP knockout mice were generated by Lexicon Pharmaceuticals injecting C57BL/6J albino blastocytes with 129SvEvBrd stem cells [22] . Prior to this study, the mice were backcrossed with the C57BL/6J strain for seven generations.
For the studies under normal dietary conditions, animals were fed normal chow and had free access to water. Mice were sacrificed and kidneys (from five WT and five KO) collected, decapsulated, and frozen immediately in liquid nitrogen. From each mouse, one kidney was later on processed for the isolation of BBM and the second one for the preparation of total RNA. Ileum and bones (femurs and L3/L4 lumbar vertebras) were extracted from a new set of mice (four WT and four KO). Ileum (last two thirds of the small intestine [23] ) was rinsed with cold 0.9% NaCl and inverted with the help of a thin metal rod. Then, the intestinal mucosa was scraped off and frozen in liquid nitrogen. Bones were immediately cleaned from attached tissue. All samples were kept at −20°C until further use.
For the chronic dietary adaptation, WT and KO animals were randomly divided into two groups of eight animals each, placed in metabolic cages, and fed with either a high (1.2%) or low (0.1%) Pi diet (Kliba, NAFAG) for 5 days. Overnight urine was collected under mineral oil during the last 12 h. In the morning, blood samples were taken from the vena cava and kidneys collected as indicated above. From six animals, one kidney was later on processed to isolate BBM, whereas total RNA was prepared from the second one. Two mice per group were independently handled for immunostainings. Ileum and bone samples were collected from a second set of mice (six to seven animals per dietary condition) and processed as indicate above.
Urinary and plasma concentrations of creatinine and phosphate were determined according to the Jaffe (Wako Chemicals) and Fiske Subarov (Sigma Diagnostics) methods, respectively.
Isolation of renal and intestinal BBM vesicles
BBMV were prepared using the Mg 2+ precipitation technique [4] . Briefly, frozen kidneys were cut into small pieces and transferred into 800 μl homogenization buffer containing (in mM) 300 mannitol, 5 EGTA and 12 Tris-HCl, pH 7.1. Samples were homogenized (2 min on ice) with a polytron (Kinematica). Upon the addition of 1,120 μl of water and 22 μl of 1 M MgCl 2 , membranes were precipitated on ice for 15 min. Frozen mucosa of the ileum was mixed with 200 μl homogenization buffer and 1,000 μl of water and then homogenized (1 min on ice) using an Omnimixer (Sorval). Upon the addition of 11 μl of 1 M MgCl 2 , membranes were precipitated on ice for 30 min.
After the precipitation step, samples (from kidney/ intestine) were centrifuged in a Sorvall centrifuge for 15 min at 4,500 rpm. Small aliquots of the supernatants, representing total homogenates, were immediately frozen, whereas the rest was further centrifuged at 18,500 rpm for 30 min. The pellets were resuspended in 1 ml of membrane buffer (300 mM mannitol, 20 mM Hepes-Tris, pH 7.4) and centrifuged again at 18,500 rpm for 30 min. Pellets containing the BBMV were resuspended in 150 μl of membrane buffer. Protein concentration was measured using a BioRad determination kit. Small aliquots of the kidney BBMV and the whole ileum preparation were frozen for further analysis by Western blot. The rest of the renal samples were immediately processed for 32 P uptakes. 32 P uptake into isolated BBMV Na + -dependent uptake of 32 Pi into renal BBMV was determined by a rapid filtration technique as described previously [4] . Freshly prepared BBMV were incubated for 30 s at 25°C in a solution containing either (in mM) 100 NaCl, 0.1 K 2 HPO 4 , 80 mannitol, and 16 Hepes-Tris, pH 7.4 and 1-2 μCi 32 P (as orthophosphoric acid) or with the NaCl replaced by KCl. The reactions were terminated by incubation in 1 ml ice-cold stop solution consisting of (in mM) 100 mannitol, 150 NaCl, 5 K 2 HPO 4 , and 5 TrisHCl, pH 7.4. The incorporation of 32 Pi was measured in a beta counter. The Na-dependent uptake of Pi was calculated as the difference between the incorporation of 32 Pi in the presence and absence of NaCl.
Immunoblots
Renal and intestinal BBM were prepared as described above. Samples (15 µg of renal BBM or 50 µg of intestinal BBM) were separated on 10% SDS/PAGE gels, transferred to PVDF membranes and incubated overnight with antibodies against NaPi-IIa (1:3,000), NaPi-IIc (1:3,000), NaPiIIb (1: 3,000), PiT-2 (1:1,000), and β-actin (1:10,000). After several washes, membranes were incubated for 2 h at room temperature with HRP-linked secondary antibodies (GE Healthcare) followed by incubation with a chemiluminescence reagent (ECL, Amersham Pharmacia Biotech). Immunoreactive signals were detected using the DIANA III-chemiluminescence detection system (Raytest) and quantification was performed with AIDA software (Advanced Image Data Analyser AIDA, Raytest). Data are shown as ratios between the protein of interest to β-actin.
Immunostainings
Mice were perfused-fixed as indicated previously by perfusion through the left ventricle with a prewarmed fixative solution containing 3% paraformaldehyde, 3 mM MgCl 2 , and 4.5 mM picric acid, prepared in a 6:4 mixture of 0.1 M cacodylate buffer (pH 7.4; adjusted to 300 mOsm with sucrose) and 10% hydroxyethyl starch [6] . Kidneys were then cut in slices, mounted onto thin cork plates, and frozen in liquid propane, cooled with liquid nitrogen. Renal cryosections (about 6 μm thick) were prepared in a Leica CM 1850 microtome and preincubated with 0.1% SDS for 5 min. Upon blocking unspecific binding with 2% BSA and 0.02% Na-azide in PBS, sections were incubated overnight at 4°C with primary antibodies (NaPi-IIa 1:600, NaPi-IIc 1:400) diluted in blocking solution. Secondary antibody (Alexa 488-conjugated anti-rabbit antibodies; Invitrogen) was then added together with Texas Red-coupled phalloidin (Invitrogen). Fluorescences were analyzed with an epifluorescence microscope (Nikon).
Determination of bone mineral content and bone mineral density
The lengths of femurs were measured with a digital calliper. The total bone mineral contents (BMC) and total bone mineral densities (BMD) of 1-mm thick scans were determined by quantitative computer tomography in the distal femurs (10% of length, 7 mm of distal length) as well as in L4 lumbar vertebras (1.4 mm ventral to the foramen) using a Stratec XCT-960A bone scanner (Stratec Medizinaltechnik GmbH, Pforzheim, Germany; contour mode 1, voxel size 0.1 mm). The following parameters were calculated by automated computation: cortical BMC (cortical mode 2; thresholds for cortical bone: femurs, 930 mg/cm 
Determination of mineral concentrations in bone ashes
The concentration of Pi and Ca 2+ in L3+L4 lumbar vertebras and femurs was determined as follows. Bones were first dried for 96 h at 105°C and then put in a muffle furnace at 600°C for 96 h to obtain bone ash. The ashes were resuspended in 8% HCl and then filtered. The minerals were determined by colorimetry with an autoanalyzer (COBAS MIRA, Roche) using commercial kits. Analyses of Pi and Ca 2+ contents were based on the phosphomolybdate and methylthymol blue methods, respectively [15] .
Real-time polymerase chain reaction
Real-time polymerase chain reaction (PCR) on total kidney RNA was performed using the ABI PRISM 7700 Sequence Detection System as previously reported [24] . RNA was first transcribed with the TaqMan reverse transcription kit (Applied Biosystems) followed by PCR amplification using TaqMan universal PCR master mix using commercial primers and probes for 1αOHase and 24OHase (Taqman gene expression assays) as well as primers and probes for NaPi-IIa and NaPi-IIc previously designed in our group [19] . Hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as control for normalization. Relative expression ratios were calculated as R=2{
}, where C t represents the cycle number at the threshold 0.2.
Results and discussion
Expression of Na/Pi cotransporters in renal BBM from WT and GABARAP-deficient mice Until very recently, it was assumed that reabsorption of Pi in the murine kidney is a process mediated exclusively by NaPi-IIa/SLC34a1 and NaPi-IIc/SLC34a3, with the first transporter playing a major quantitative role [2, 27] . More recently, we showed that also PiT2/SLC20a2 contributes to this process [33] . Here, we expanded our previous study [24] and compared the expression of these three cotransporters in renal BBM of WT and GABARAP-deficient mice by Western blot. As previously reported, NaPi-IIa was upregulated in GABARAP-deficient animals without changes in the expression of NaPi-IIc (Fig. 1) . The antibody raised against rat PiT2 [33] also detected this cotransporter in mouse BBM (Fig. 1) . However, the abundance of PiT2 was similar in kidneys from WT and mutant mice. Therefore, the overexpression of NaPi-IIa observed in the absence of GABARAP is not compensated by a reduced expression of other renal Na/Pi cotransporters. This finding was not unexpected in view of the reduced urinary excretion of Pi in the mutant mice and further supports the notion that in mice NaPi-IIa represents the major regulator of renal Pi reabsorption. Compensatory changes in the abundance of renal cotransporters have been reported in some but not all available animal models. Thus, although NaPi-IIc is upregulated in NaPi-IIa-deficient mice [27] , the expression of NaPi-IIa remains normal in the absence of NaPi-IIc [29] .
Expression of Na/Pi cotransporters in ileum BBM from WT and GABARAP-deficient mice Sabbagh et al. have shown recently that upon administration of a low Pi diet (to induce maximal expression of NaPi-IIb) the overall intestinal absorption of Pi is reduced by 50% in NaPi-IIb/SLC34a2-deficient mice as compared to WT animals [26] . This finding shows that NaPi-IIb plays a major role in the intestinal absorption of Pi. Furthermore, this report also demonstrates that Na/Pi cotransport takes place preferentially in the ileum, with duodenum and jejunum contributing less than 25% to the process. Ablation of NaPi-IIb results in the loss of up to 90% of the active transport of Pi in the ileum and completely abolishes the transport in the duodenum and jejunum [26] . This is consistent with the segmental localization of the transporter along the murine intestinal tract [23] . As shown in Fig. 2 , the expression of NaPi-IIb was reduced in BBM isolated from ileum samples of GABARAPdeficient animals as compared to WT. Thus, a reduced intestinal absorption, via NaPi-IIb, might compensate for the increased renal reabsorption, via NaPi-IIa, in the mutant mice. This compensatory change is just the opposite to that seen in NaPi-IIb-deficient mice, where the reduced intestinal absorption of Pi seems to be balanced by an increased renal reabsorption due to upregulation of NaPi-IIa [26] . In addition to NaPi-IIb, also PiT2 messenger RNA (mRNA) has been reported in small intestine [1] . Although especially enriched in jejunum, PiT2 transcripts are also expressed in ileum. As shown in Fig. 2 , we could also detect PiT2 protein in ileum BBM; however, its abundance did not differ significantly between WT and mutant animals. It should be noticed that the segmental distribution of PiT2 protein along the intestinal track is not known. Further studies are therefore required to address whether the pattern of PiT2 protein expression overlaps with the mRNA data [1] .
Vitamin D 3 is a major regulator of NaPi-IIb expression [10] . The renal production of vitamin D 3 is controlled by the antagonistic effects of 25-hydroxyvitamin D 3 -1α- Fig. 1 Expression of Na/Pi cotransporters in renal BBM from WT and GABARAPdeficient mice. PVDF membranes containing BBM (15 μg) isolated from kidneys of wild-type (WT) and GABARAP-deficient mice (KO) were incubated with antibodies against NaPi-IIa, NaPi-IIc, PiT2, and β-actin. The abundance of each cotransporter was normalized to the β-actin content; quantifications are shown as bar graphs. Data represent means ± SE (n=5). **P≤0.01, unpaired Student's t test Fig. 2 Expression of Na/Pi cotransporters in BBM from ileum from WT and GABARAP-deficient mice. PVDF membranes containing BBM (50 μg) isolated from ileum of WT and GABARAPdeficient mice were incubated with antibodies against NaPi-IIb, PiT2, and β-actin. As in Fig. 1 , the abundance of each cotransporter was normalized to the β-actin content, and the quantifications displayed as bar graphs. Data represent means ± SE (n=4). *P≤0.05, unpaired Student's t test hydroxylase (1αOHase) and 25-hydroxyvitamin D 3 -24-hydroxylase (24OHase) which generate active or inactive vitamin D 3 metabolites, respectively (for review, see [20] ). Real-time PCR on renal RNA samples revealed lower levels of 1αOHase mRNA in kidneys from GABARAPdeficient mice, whereas the expression of the 24OHase mRNA was similar in both groups (Fig. 3) . These results suggest that the reduced expression of NaPi-IIb in mutant mice could be due to low circulating levels of vitamin D 3 .
Mineral density and Pi/Ca
++ content in bones from WT and GABARAP-deficient mice Up to 85% of the body's Pi is stored in bones in the form of hydroxyapatite. Therefore, bone's physiology is tightly connected to Pi homeostasis. An increased deposit of Pi in bones could compensate for the increase in renal Pi reabsorption observed in GABARAP-deficient mice. To address this possibility, we first analyzed the mineral density (as amount of matter per cubic centimeter) of the trabecular and cortical components of bones (femurs and L3+L4 lumbar vertebras). As shown in Fig. 4a , the mineral density was similar in femurs from WT and GABARAP-deficient mice. Although the trabecular density was higher in vertebras from mutant mice as compared to WT (Fig. 4b) , no differences were observed between both groups of animals in the cortical and the total densities of lumbar bones. Moreover, the Pi and Ca ++ contents of femurs and vertebras were also similar in both groups of mice (Fig. 4c, d ). These data suggest that the bones do not contribute to the compensation of Pi balance observed in the absence of GABARAP.
Adaptation of urinary and circulating Pi values to chronic changes on dietary Pi
In response to changes in dietary intake, the kidney modulates the amount of Pi reabsorbed along the proximal tubule and thus adjusts the urinary Pi output to the intestinal input. As expected, the urinary excretion of Pi was lower in WT animals fed a low Pi diet as compared to mice fed a high Pi chow (Fig. 5a ). This Adaptation of renal Na/Pi cotransporters to chronic dietary intake of Pi. a PVDF membranes containing renal BBM (15 μg) from wild-type (WT) and GABARAP-deficient mice (KO) fed either high (H) or low (L) Pi diets were incubated with antibodies against NaPiIIa, NaPi-IIc, PiT2, and β-actin. NaPi-IIa and NaPi-IIc immunoreactive bands were visualized sequentially on the same PVDF membrane upon stripping, whereas a second membrane was used to analyze PiT2. Each group consisted of six animals and the pictures show representative immunoblots. b β-Actin normalization of the abundance of each cotransporter. c Real-time PCR to quantify the expression of NaPi-IIa (top) and NaPi-IIc (bottom) mRNAs. Transcript levels are given as relative ratio to HPRT mRNA. Data are given as means ± SE (n=6). *P≤0.05, **P≤0.01, ***P≤0.005, unpaired Student's t test change correlated with an increased Na-dependent uptake of 32 Pi into renal BBM from low Pi-fed mice (Fig. 5b) . A proper adaptative response of urinary Pi and Na/Pi cotransport activity was also observed in GABARAPdeficient mice (Fig. 5a, b) . This suggests that similar to the acute (hours) response [24] , the overall adaptation of the kidney to chronic changes in dietary Pi is not impaired in the absence of GABARAP. As in the acute studies, the urinary excretion of Pi was similar in WT and GABARAPdeficient mice when fed a high Pi diet. However, under chronic Pi restriction, GABARAP-deficient animals reduced the urinary excretion of Pi to levels even lower than those of WT mice (Fig. 5a) , a difference that was not observed upon acute feeding [24] . This reduced urinary excretion in the mutant mice was paralleled by an increased uptake of 32 P that was just below statistical significance ( Fig. 5c; P=0.054) . Regarding the circulating levels of Pi, no differences were detected either between both genotypes or between dietary conditions (Fig. 5c ). This finding contrasts the results obtained upon acute dietary adaptation, where both WT and mutant mice had lower serum levels of Pi when fed diets with a low as compared to a high Pi content [24] . This transitory difference in serum values most probably reflects the time lag required for the kidney to readjust basal circulatory Pi levels.
Adaptation of renal Na/Pi cotransporters to chronic changes on dietary Pi Readjustment of circulatory levels of Pi upon dietary changes is mediated by adaptive alterations in the expression of NaPi-IIa [14, 17, 19, 25] and NaPi-IIc [21, 27, 28] . Both cotransporters are downregulated in response to a high dietary intake of Pi, whereas their expression is increased upon administration of low Pi diets. More recently, it was shown that also the abundance of PiT2 in the renal BBM of rats is regulated by the dietary Pi [33] . Based on dietary switches, NaPi-IIa was suggested to be the fastest responding cotransporter with changes in expression levels being detected already a few hours after the dietary switch; NaPi-IIc levels change only slowly, whereas the time course of the adaptive response of PiT2 is somewhere between both SLC34 cotransporters. We have already shown that the adaptation of NaPi-IIa to acute changes on dietary Pi is not impaired in the absence of GABARAP [24] . Here, we investigated whether the absence of GABARAP interferes with the adaptation of the three renal Na/Pi cotransporters to chronic changes of dietary Pi. Western blot analysis (Fig. 6 ) revealed that NaPiIIa and NaPi-IIc were upregulated by a low Pi diet both in WT and GABARAP-deficient mice. Adaptation of NaPi-IIc was quantitatively similar in both groups of animals ( Fig. 6a, b) . However, the increase of NaPi-IIa in the low Pi groups was more pronounced in the absence of GABARAP. Thus, while no differences were detected between WT and GABARAP-deficient mice fed a high Pi diet, the expression of the cotransporter was higher in the mutant mice than in WT upon ingestion of a low Pi chow (Fig. 6a, b) . This finding, which was not observed in the acute study [24] , most probably explains the urinary Fig. 7 Adaptation of renal Na/Pi cotransporters to chronic dietary intake of Pi. Immunostainings of kidney sections from wild-type (WT) and GABARAP-deficient mice (KO) fed either high (H) or low (L) Pi diets using antibodies against a NaPi-IIa and b NaPi-IIc excretion data shown in Fig. 5a , i.e., that GABARAPdeficient mice fed a low Pi diet excrete less Pi than their WT counterparts. In contrast to the two SLC34 cotransporters, PiT2 was not regulated by chronic dietary Pi, neither in WT nor in GABARAP-deficient mice (Fig. 6a, b) . This is in contrast to the observations made in rats discussed above [33] . Thus, interspecies variations in the regulation of this transporter may exist.
The adaptation of NaPi-IIa and NaPi-IIc was also analyzed by immunofluorescence (Fig. 7) . As reported, NaPi-IIa was detected in proximal tubules from cortical and juxtamedular nephrons in kidneys from WT animals fed a low Pi diet, whereas its expression was confined to juxtamedular nephrons in those animals that received a high Pi chow (Fig. 7a) [19] . In agreement with the Western blot data, a similar adaptation of NaPi-IIa was also observed in GABARAP-deficient mice. As expected, NaPi-IIc-related signal was weaker than that of NaPi-IIa, but it was nevertheless also upregulated in WT and mutant mice fed low Pi (Fig. 7b) .
The cellular mechanism responsible for the dietary regulation of NaPi-IIa probably differs among species. In the rat kidney, this regulation seems to involve changes in mRNA levels, as demonstrated by Northern blot [14] and in situ hybridization [25] data. In contrast, the adaptation in mouse appears to involve posttranscriptional mechanisms, as the amount of NaPi-IIa mRNA in dissected nephron segments was similar in samples isolated from mice fed high or low Pi diets [19] . This result was also reproduced in our study: as shown in Fig. 6c , we found that the Pi content of the diet does not affect the amount of NaPi-IIa transcripts neither in WT nor in GABARAP-deficient mice. Furthermore, no differences were detected between genotypes under all dietary conditions tested. The dietary regulation of NaPi-IIc in the mouse kidney has been previously shown to involve changes in mRNA expression [19] , a finding that was also reproduced here: Fig. 6c shows that the levels of NaPi-IIc mRNA were increased in kidneys from both WT and GABARAP-deficient fed a low Pi diet. No differences between genotypes were observed regardless whether high or low Pi diets were given.
Adaptation of NaPi-IIb to chronic changes in dietary Pi In addition to the kidney, the intestine also responds to changes in dietary Pi by regulating the amount of NaPiIIb in the apical membrane of the small intestine. In mice fed with normal Pi diets, NaPi-IIb is highly expressed in the ileum, whereas its expression is very low in the duodenum and jejunum [23] . The expression of this transporter is upregulated in ileum as well as jejunum under low Pi dietary conditions [10, 23] . Whether such upregulation depends on transcriptional [23] or posttranscriptional [10] mechanisms is still controversial. Here, we analyzed whether the dietary regulation of NaPi-IIb proceeds normally in the absence of GABARAP. As shown in Fig. 8 , the expression of NaPi-IIb tended to be higher in ileum BBM from WT animals fed a low Pi diet as compared to high Pi diet (Fig. 8a) . Also in GABARAPdeficient mice, the amount of NaPi-IIb increased upon dietary restriction of Pi (Fig. 8b) . Importantly, no differences were detected between WT and mutant mice either when fed a high (Fig. 8c) or a low (Fig. 8d ) Pi diet. Taken together, these data suggest that the absence of GABARAP does not interfere with the dietary regulation of NaPi-IIb.
Pi/Ca
++ content in bones from WT and GABARAP-deficient mice Finally, we analyzed whether the different dietary conditions described above lead to changes in the content of Pi and Ca ++ in bones. Again, the concentrations of both elements in femurs (Fig. 9 ) and vertebras (data not shown) were not affected by changes in dietary Pi. Furthermore, there were no differences between the values measured in femurs from WT and GABARAP-deficient mice.
In conclusion, this study shows that: (a) In GABARAPdeficient mice, the expression of the intestinal Na/Pi cotransporter NaPi-IIb is reduced. Thus, the resulting decrease in the intestinal absorption of Pi may compensate for its increased renal reabsorption caused by the upregulation of NaPi-IIa, thereby allowing normophosphatemic values to be maintained in the mutant mice. (b) In response to chronic deprivation of Pi, a signal for Pi saving, the upregulation of NaPi-IIa is potentiated in the absence of GABARAP. Together with our previously reported findings, this further supports the concept that GABARAP destabilizes NaPi-IIa in the renal BBM by enhancing its internalization and/or degradation.
